Psoralen is a furanocoumarin compound found in many herb medicines and is claimed to contribute to the hepatotoxicity caused by lots of traditional Chinese medicine. So far, there has been no research on the differences in pharmacokinetics of single and repeated dosing of psoralen. Moreover, the research on the cumulative toxicity of low concentration and long-term administration on cells has not been reported. Therefore, this study investigated the pharmacokinetic differences and the accumulated cytotoxicity of psoralen from repeated administration. The study found that after single or repeated administration of psoralen for 3 months at various dosages (14, 28, and 56 mg/kg), the pharmacokinetic parameters of female rats between single dose and repeated dose administration are totally different. Compared with a single administration, multiple administrations increased psoralen's in vivo exposure, prolonged the peak time, prolonged the half-life of the drug, reduced the drug clearance rate, and prolonged the drug's stay in the body. HepG2 cells were exposed to low doses (5, 10, 20, or 40 μM) of psoralen for 1, 2, 3, or 4 days. A 20 and 40 μM dose of psoralen did not induced cell death in the 1st day but significantly decreased the cell viability at the 3rd and 4th day of repeated administration, respectively. In addition, multiple administrations of psoralen decreased cell viability due to G2 arrest.
INTRODUCTION
Fructus Psoraleae, which is known as "Buguzhi" in traditional Chinese medicine, is the dried ripe seeds of Psoralea corylifolia Linn. Its diverse biological activities have been identified, such as antitumor effects, 1 estrogen-like activity, 2 anti-osteoporosis, 3 and antibacterial activity, 4,5 etc. It was commonly used to treat various skin diseases, such as psoriasis, vitiligo, and so on. Despite its clinical effects, an increasing number of reports regarding liver damage were published. 6, 7 A number of components have been isolated and studied from this plant, including coumarins, 8−10 flavonoids, 11, 12 and monoterpene phenols. 13 Psoralen is a coumarin compound and the main active ingredient extracted from Psoralea corylifolia L. It was reported that psoralen stimulates osteoblast differentiation and increases its activity via BMP signaling. Psoralen was also demonstrated with anticancer activity and is able to prevent bone metastasis of breast cancer. 14−18 In addition, psoralen was exhibited to be able to inhibit CYP2E1 and to induce CYP3A4, which are used for its own metabolism, therefore delaying its clearance from the body. 19 Now, psoralen has been commonly used to treat psoriasis and osteoporosis. 20−22 Developmental toxicity was also revealed in psoralen in zebrafish embryos or larvae, 23 and disturbance of amino acid metabolism was also shown in Sprague Dawley rats with psoralen administration. 24, 25 Furthermore, psoralen impairs liver regeneration and function compensation in mice, while hepatic toxicity was shown in in HepG2 cells through PERK and ATF6-related ER stress pathways. 26 However, the mechanism of liver damage caused by psoralen is still to be elucidated.
The accumulation of a drug should be concerned after longterm repetitive administration. 27 Nevertheless, current studies on psoralen focus on its acute toxicity without exploring its long-term pharmacokinetics. In this paper, we investigated the pharmacokinetic and toxicity of psoralen in different doses (14, 28 , and 56 mg/kg) and different durations of administration. Meanwhile, the cytotoxicity of psoralen to HepG2 cells was also investigated at low concentrations but long-term exposure.
RESULTS
2.1. Method Validation. 2.1.1. Specificity. Blank plasma, blank loading, and plasma sample results are shown in Figure  1 . The results showed that no interfering peaks were observed in the samples. The IS retention time was 5.03 min, and the psoralen retention time was 10.41 min.
2.1.2. Linearity and Sensitivity. The calibration curve of psoralen was linear at concentrations from 0.05 to 20 μg/mL plasma. The linear regression equation for calibration curve is y = 0.604x + 0.098 (r 2 = 0.9994) in rat plasma. The LLOD in rat plasma was 20 ng/mL. The LLOQ in rat plasma was 50 ng/ mL.
2.1.3. Precision and Accuracy. Psoralen plasma samples at three concentrations (0.2, 2, and 8 μg/mL) were analyzed for their accuracy and precision. The data are shown in Table 1 . The precision (RSD) was less than 10%. The intra-day and inter-day accuracies for psoralen were 87.10−106.65 and 87.03−106.47%, respectively. These results indicated that the present method had good precision and accuracy. 2.1.4. Extraction Recovery. The extraction recoveries of psoralen that were administrated to 0.2, 2, and 8 μg/mL in rat plasma were found to be 75.45, 75.21, and 73.78%, respectively.
2.1.5. Stability. Analyte stability was assessed under various conditions, and all RSD were less than 5%. The results indicated that psoralen, under these conditions, was stable in plasma samples (Table 2 ).
Pharmacokinetic Study.
The plasma concentrations of psoralen were determined by the above described UPLC method. The mean plasma concentration−time profiles after oral administration of different doses of psoralen (n = 6) are shown in Figure 2 . The main pharmacokinetic parameters in rats are summarized in Tables 3 and 4 . The comparison of pharmacokinetic parameters between single and multiple doses of psoralen is shown in Figure 3 . The results of two-way ANOVA analysis showed that AUC(0-∞), MRT(0-t), and C max are significantly related to the administration period and dose. On the other side, AUC(0-t) and CL Z/F are only significantly associated with the dose, while MRT(0-∞), t 1/2 , T max , and V Z/F are only significantly linked to the administration.
After a single administration of 14 mg/kg psoralen, the C max in blood reached 7,960 ng/mL. With the doses increased to 28 and 56 mg/kg, AUC, MRT, and t 1/2 also increased, but only MRT increased significantly. In the multiple doses groups, as the dose increased, AUC(0-t), MRT(0-t), T max , and C max all increased significantly; more importantly, in the multiple doses groups, the plasma concentrations were more than 6000 ng/ mL at 24 h after the last administration of 28 and 56 mg/kg psoralen, while the plasma concentrations of the other groups were less than that in the LLOQ.
The AUC(0-t) values of the 14, 28, and 56 mg/kg psoralen groups after single administration were 57.35 ± 40.48, 148.33 ± 51.99, and 203.55 ± 97.42 mg/L·h, respectively. The AUC(0-t) values after multiple administrations were 22.75 ± 1.40, 201.61 ± 115.68, and 233.40 ± 51.75, respectively. After multiple administrations, the AUC(0-t) of the psoralen increased significantly in the 56 mg/kg administration group compared with the 14 mg/kg administration group, indicating the plasma level in a dose-dependent manner with multiple administrations.
The MRT(0-t) values of the 14, 28, and 56 mg/kg psoralen groups after single administration were 4.54 ± 0.88, 6.90 ± 1.20, and 7.51 ± 1.05, respectively, and the MRT(0-∞) values were 4.76 ± 0.77 , 7.82 ± 1.66, and 8.58 ± 1.93; MRT(0-t) and MRT(0-∞) are both dose-dependent. The MRT(0-t) values after multiple administrations were 5.67 ± 2.05, 9.94 ± 2.15, and 11.06 ± 1.36, respectively. Compared with the 14 mg/kg administration group, there was a significant difference in the MRT(0-t) of 28 and 56 mg/kg administration groups (p < 0.05), indicating that the drug's residence time in the body after both single administration and multiple administrations extends.
The t 1/2 values of the 14, 28 and 56 mg/kg psoralen groups after single administration were 2.29 ± 0.81, 3.70 ± 1.62, and 4.51 ± 1.88 (h), respectively. Meanwhile, the t 1/2 values were 6.44 ± 3.37, 17.52 ± 12.91, and 21.15 ± 15.79 (h) after multiple administrations. Comparing the data, it can be seen that after single administration and multiple administrations, the elimination half-life values of psoralen are both doseindependent. It shows that with an increase in the administered dose, the time for the drug to clear in the body has a tendency to prolong.
The T max values of 14, 28, and 56 mg/kg psoralen groups after single administration were 2.83 ± 1.29, 4.17 ± 1.83, and 3.33 ± 1.03 (h), respectively. The T max values of multiple doses were 6.25 ± 4.50, 5.92 ± 3.47, and 12.00 ± 6.57 (h), respectively. The absorption rates of psoralen in rats after multiple administrations were much slower than those of single administrations; in the meantime, the peak time is prolonged as the dose is increased.
The C max values of 14, 28, and 56 mg/kg psoralen groups after single administration were 7.96 ± 4.39, 14.82 ± 5.97, and 19.77 ± 7.98 (mg/L), respectively. The C max values after multiple administrations were 3.15 ± 1.15, 13.30 ± 6.35, and 12.98 ± 3.38 (mg/L), respectively. Compared with the 14 mg/ kg administration group, the maximum blood concentration of 56 mg/kg in the multiple administrations group increased significantly with the increase in the dosage of psoralen.
2.3. Effects of Psoralen on HepG2 Cells. To investigate the cytotoxicity effects of psoralen in human hepatocytes, the viability of HepG2 cells was detected using MTT assay after being exposed to low doses of psoralen for 1, 2, 3, and 4 days. As shown in Figure 4 , in the first two days, 5−40 μM psoralen did not significantly induce cell death but rather showed a tendency to encourage cell proliferation. At the 3rd day, 5, 10, and 40 μM psoralen significantly decreased the cell viability (p < 0.05). At the 4th day, 5, 10, 20, and 40 μM psoralen significantly decreased the cell viability to 82.2 ± 1.2%, 75.7 ± 1.7%, 81.8 ± 2.6%, and 69.1 ± 4.7% of the control (all p < 0.001), respectively.
As displayed in Figure 5 , after 24 h of psoralen exposure, a higher proportion of cells were in the G2/M phase (11.88% in control group to 17.87% in the 5 μM group and 22.17% in the 10 μM group). On the other hand, the percentage of cells in the S phase decreased from 30.1% in the control group to 18.32% in the 5 μM group and 8.68% in the 10 μM group. At the 4th day, the trends had intensified. The G2/M phase cells of the 5 and 10 μM groups were 28.11 and 29.41%, respectively, which were both more than 11.88% of the control group, while the S phase cells of the 5 and 10 μM group were 13.12 and 2.05%, respectively, which were obviously less than 30.1% of the control group. In other words, the data demonstrated that psoralen arrested HepG2 cells at the G2 phase.
DISCUSSION
In this study, the accumulating effect of long-term exposure of psoralen in female rats and its toxicity to HepG2 cells were explored. Pharmacokinetic parameters, such as AUC, MRT, t 1/2 , T max , V Z/F , CL Z/F , and C max , are significantly different between single and repeated administration of psoralen using the same dose. What is more, low doses of psoralen did not induce cell death of HepG2 in the 1st day, but cell viability was significantly decreased upon its accumulation by days of administration, which is probably due to the arrest of HepG2 cells at the G2 phase as shown in this study.
Compared to male rats, female rats are more sensitive to hepatotoxicity induced by Fructus Psoraleae. 28 In a previous study, psoralen caused remarkable liver damage after long-term repetitive administration to female rats. 29 Thus, female rats (5 weeks old) were chosen to study the hepatotoxicity of psoralen in this study in vivo. Plasma concentration of psoralen was determined by UPLC. Before psoralen administration, the effects of two solvents, acetonitrile and methanol, on the precipitation of drug-combined plasma proteins were compared. Acetonitrile required 1.5 times volume of the plasma to precipitate the protein, while methanol required three times the volume. Although a higher plasma volume is needed, methanol is easier to operate. So, methanol was finally chosen as the extraction solvent.
MRT(0-t) is dose-dependent and administration perioddependent as shown in this study, and MRT(0-t) in the 28 and 56 mg/kg groups were significantly higher than that of the 14 mg/kg group regardless of single administration or multiple administrations. It has been revealed that high doses of psoralen prolong its retention time in the body, which could cause drug accumulation. In addition, MRT(0-t) of the multiple doses groups significantly increased, compared with those of the single dose groups. t 1/2 also increased, but it is not statistically significant because homogeneity of the variances was significant, compared with those of the single dose counterpart groups of 28 and 56 mg/kg. These results indicate that psoralen is incompletely eliminated when it was used at a high dosage (more than 28 mg/kg). Moreover, the T max of the multiple doses group significantly increased as the dose was increased, which indicates that the time required to reach the peak concentration is prolonged. The plasma psoralen level in multiple administrations groups was still over 6000 ng/mL 24 h after the last administration. In summary, there is accumulation of psoralen in the body after 3 months administration (i.g., once every day) with a dosage of more than 28 mg/kg.
Psoralen was deemed to be innoxious at low doses in previous publications. 30, 31 Also, a recent clinical study reported that low-dose and low-frequency oral psoralen−UV-A treatment are effective to treat early-stage mycosis fungoides. 32 However, other reports suggested that the effect of drug accumulation in the body should not be ignored. 33, 34 We found that the t 1/2 of psoralen of repetitive administration was significantly longer than that of the single dose. The plasma concentrations of psoralen remained over 6000 ng/mL after 24 h of the last dose of repetitive administration at 56 mg/kg. It means that the plasma concentrations of psoralen were kept at over 6000 ng/mL during the whole administration process. Upon given multiple doses of psoralen at 28 mg/kg, the plasma concentrations were kept at over 2440 ng/mL. Meanwhile, the plasma concentrations of the single dose groups were less than the LLOQ. The results indicated that psoralen accumulated in the body because repetitive administration suppressed the ability of its metabolism and excretion, thus causing toxicity.
It had been reported that psoralen had cytotoxicity in some cell lines, 23 but there is no study about the effect of its longterm exposure in low doses. According to calculations, 6000 and 2440 ng/mL psoralen in plasma was about 32.23 and 13.12 μM in cells, respectively. We tested the cytotoxicity effects of 5−40 μM psoralen in the human hepatocytes cell line HepG2 cells, while we estimated the drug concentration in the liver using the plasma concentration. In our study, 5 μM psoralen did not induce cell death in the 1st day, but cell viability was significantly decreased after 3 days with 5 μM psoralen exposure. This long-term toxicity in vitro would be overlooked if the observation is between 24 and 48 h as commonly used in cell experiments. Our results however showed that psoralen is of significant cytotoxicity under longterm but low-dose exposure and under short-term but highdose exposure. Psoralen not only induces apoptosis, endoplasmic reticulum stress but also arrests the cell cycle at the G2 phase. Previous studies have reported that psoralen arrests MCF-7 cells in the G0/G1 phase, arrests MDA-MB-231 cells in the G2/M phase, and arrests L02 cells in the S phase. 24, 35 Our results added new evidence to the ability of psoralen to be able to block the cell cycle and inhibit cell proliferation.
CONCLUSIONS
This study developed a methodology to rapidly study plasma pharmacokinetics following oral administration of psoralen with high sensitivity. Our results in this study indicated that multiple administrations led to accumulation of psoralen in the body, which account for its hepatotoxicity. The plasma concentration of psoralen remained at over 6000 ng/mL for 24 h of the last dose of repetitive administration, which was equivalent to 32.23 μM in the cells. Our results showed that psoralen had significant cytotoxicity under long-term and lowdose exposure, with cells arrested at the G2 phase. The results provided useful information to better understand the toxicity of psoralen due to its accumulation. The column temperature was set to 40°C, the flow rate was set to 0.5 mL/min, and the injection volume was set to 10 μL. 5.3. Preparation of Standard Solutions. Psoralen was prepared in MeOH at a concentration of 1 mg/mL. Chloramphenicol (IS) solution was prepared in MeOH at a concentration of 1 mg/mL. Appropriate aliquots of individual stock solutions were mixed together to prepare a mixed stock solution. All the stock solutions were stored at 4°C. 5.4. Sample Preparation. The plasma sample (100 μL) was mixed with 10 μL of internal standard solution (25 μg/ mL) and then vortexed for 30 s. Proteins were then precipitated using 1 mL of methanol and collected by centrifugation at 8000 rpm for 10 min. The supernatant (900 μL) was transferred to a new tube and dried in a vacuum concentrator (Shanghai Zander Medical Devices Co Ltd.). The residues were then dissolved in 200 μL of mobile phase and then vortexed for 3 min and centrifuged at 128,000 rpm for another 10 min. Aliquots of a 10 μL resuspended solution were injected into the UPLC system for analysis. 5.5. Method Validation. 5.5.1. Specificity. The specificity was evaluated by analyzing the blank plasma samples (n = 6), which were compared to those plasma samples added with psoralen and chloramphenicol (IS) and those plasma samples after oral administration of psoralen. 5.5.2. Linearity and Sensitivity. Calibration standards were prepared in the same way as in section 5.4. For the calibration curve, nine concentrations of calibration standards (0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 μg/mL) were processed and determined using UPLC. The calibration curves for psoralen are constructed by plotting peak area ratios of the analyte to IS against plasma concentrations. The lower limit of detection (LLOD) was defined as the lowest concentration level resulting in a signal-to-noise ratio (S/N) of 3:1. 5.5.3. Precision and Accuracy. Intra-day accuracy and precision were evaluated from replicate analysis (n = 5) of quality control (QC) samples at different concentrations (0.2, 2.0, and 8.0 ng/mL) on the same day. Inter-day accuracy and precision were also assessed from the analysis of the same QC samples on three consecutive days in replicate (n = 5). QC samples are analyzed against calibration curves. Mean, standard deviation (SD), and relative standards deviation (RSD) were calculated and used to estimate the intra-and inter-day precision. Accuracy was assessed by comparing the calculated mean concentrations against the known concentrations.
5.5.4. Extraction Recovery. The extraction recoveries was determined by comparing the peak area of analytes in QC samples with those of the pure standard solutions in MeOH containing equivalent amounts of analytes at three different levels (0.2, 2.0, and 8.0 ng/mL). Recoveries for plasma were examined at three QC concentrations (n = 5). 5.5.5. Stability. The extracted samples were run immediately after preparation and after 24 h of storage at room temperature to test the room temperature stability at three concentrations (0.2, 2.0, and 8.0 ng/mL). The stability was tested by subjecting plasma samples to three freeze−thaw cycles. Long-term cycle stability was tested by subjecting plasma samples to the freezer for 1 month at −20°C. 5.6. Pharmacokinetic Study. 5.6.1. Animals Experiments and Sample Collection. A total of 36 female Sprague Dawley (SD) rats weighing between 130 and 150 g were purchased from Beijing HFK Bioscience Technology Co. Ltd. (Beijing, China). The rats were housed at room temperature and 50−60% humidity. The animals had access to standard chow and water ad libitum. All of the experimental animals were housed for a week of acclimation and then fasted overnight before the experiments. The animal experiment protocols were approved by the Laboratory Animal Ethics Committee of Tianjin University of Traditional Chinese Medicine (permit number: TCM-LAEC 2016002).
The single dose groups include three groups, which were administrated with 14, 28, and 56 mg/kg psoralen intragastrically, respectively, with six rats in each group. Then, blood was collected 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 12, and 24 h after administration.
The multiple doses groups were also further divided into three groups, which were administrated with 14, 28, and 56 mg/kg psoralen intragastrically once every day for 3 months, respectively, with six rats in each group. Then, blood was collected 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 12, and 24 h after administration.
Blood samples were taken from the choroidal bulb vein into a heparinized tube, and then blood samples were centrifuged at 3500 rpm for 10 min. Plasma in the supernatant was transferred to another centrifuge tubes and stored at −20°C until analysis. 5.6.2. Pharmacokinetic Analysis. All the pharmacokinetic parameters were calculated using DAS 3.0 software (Drug and Statistics 3.0, Mathematical Pharmacology Professional Committee of China, Shanghai, China) by non-compartment model analysis. The plasma concentration of psoralen was expressed as mean ± SEM, and the curves of mean concentration−time were plotted. 5.7. In Vitro Experiments. 5.7.1. HepG2 Cell Lines and Culture. Human HepG2 cells were obtained from Shanghai Cell Bank of Chinese Academy of Science (Shanghai, China). HepG2 cells were cultured in Dulbecco's modified Eagle's medium high-glucose medium (DMEM) supplemented with 10% fetal bovine serum (Gibco, Waltham, MA, United States), 100 U/mL penicillin, and 100 U/mL streptomycin. Cells were incubated at 37°C in a humidified atmosphere with 5% CO 2 . 5.7.2. MTT Assay. HepG2 cells were seeded at a density of 5 × 10 4 cells/mL in 96-well plates and incubated for 24 h. Cells were treated with 0.1% dimethyl sulfoxide (DMSO, control group) or 5, 10, 20, or 40 μM psoralen dissolved in DMEM for 1, 2, 3, or 4 days, respectively. Cell DMEM medium was replaced every 24 h. After treatment, cells were incubated with 0.5 mg/mL MTT for 4 h. The supernatant was removed, after which the formazan was dissolved in 100 μL of DMSO. The absorbance of each well at 570 nm was recorded using a multilayer reader (VictorX5, Perkin Elmer, USA). 5.7.3. Cell Cycle Analysis. Cell cycle stages were analyzed using a Countstar Rigel cytometer (Ruiyu Biotech Co., Shanghai, China) according to the manufacturer's protocol. Briefly, HepG2 cells were seeded in 6-well plates at a density of 1 × 10 5 cells/mL and then treated with DMSO or 5 or 10 μM psoralen in DMSO for 1 or 4 days, respectively. After harvesting, cells were resuspended and incubated with 70% icecold ethanol overnight. Next, cells were washed with PBS and treated with propidium iodide (PI) for 30 min in the dark. The morphological changes, PI-positive cells, and cell cycle stages were monitored and analyzed using the Countstar Rigel-based cytometer.
5.8. Statistical Analysis. The pharmacokinetic parameters of six groups were analyzed by two-way ANOVA to explore the significant effect of the administration period (single dose or multiple doses) and dose and were analyzed by one-way ANOVA to confirm the differences between two groups. The MTT and cell cycle results were from at least three independent experiments, and data were analyzed by oneway ANOVA to test the significant differences between control and drug-treated groups. p < 0.05 was considered as statistically significant. The statistics analysis was performed using SPSS23 software. 
